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Abstract

To investigate the effects of chronic ethanol administration on

the mobilization and excretion of cholesterol, turnover and
balance studies were carried out in baboons pair-fed cholesterol-
free diets containing 50% of energy either as ethanol or as

additional carbohydrate for several years. Ethanol feeding
increased free cholesterol in all plasma lipoprotein fractions,
and esterified cholesterol in very low density lipoprotein,
intermediate density lipoprotein, and high density lipoprotein
(HDL). The major increase occurred in HDL, mainly as

esterified cholesterol. The latter was associated with decreased
transfer of esterified cholesterol from HDL to low density
lipoprotein. By contrast, the smaller increase in HDL-free
cholesterol was associated with increased turnover in the
plasma, increased splanchnic uptake, and increased fecal ex-

cretion of plasma cholesterol, mainly as neutral steroids.
Cholesterol extraction predominated over release in the
splanchnic vascular bed, suggesting that the excess of cholesterol
excreted in the feces originated in extrasplanchnic tissues.
Thus, these findings indicate that alcohol consumption favors
mobilization of tissue free cholesterol for hepatic removal and
excretion. By contrast the increase in HDL-cholesterol (mainly
esterified) appears to be a poor indicator of cholesterol mobi-
lization.

Introduction

Epidemiologic studies suggest that moderate alcohol consump-
tion decreases the risk of coronary heart disease (1). In
nonhuman primates (Macaca nemestrina), chronic feeding of
ethanol (36% of total energy) either with a low or a high
cholesterol diet, decreased aortic and coronary atherosclerosis
(2). The mechanism for this effect remains unknown. In vivo
(3, 4) and in vitro (5, 6) studies indicate that high density
lipoproteins (HDL) promote cholesterol efflux from the cells.
Therefore, the observation that alcohol increases plasma con-

centrations of HDL (7, 8), particularly the cholesterol moiety
(HDL-C)' (9), suggested that it is via this lipoprotein fraction
that ethanol enhances mobilization of tissue cholesterol for
hepatic disposition into bile. However, the possibility that the
increased HDL-C could be due to defective removal of choles-
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1. Abbreviations used in this paper: EC, esterified cholesterol; FC, free
cholesterol; HDL-C, cholesterol moiety of high density lipoprotein; L-
CAT, lecithin cholesterol acyltransferase.
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terol from the blood rather than to increased mobilization
from tissue has not been ruled out. This study was undertaken
to investigate whether chronic ethanol administration (under
nutritionally controlled conditions and in the absence of severe
liver injury) does indeed promote net losses of cholesterol
from the body and to assess sources and pathways of disposition
for this cholesterol. To this effect, we chose the baboon as an
experimental model because of its close resemblance to humans
with regard to lipoprotein composition (10), cholesterol me-
tabolism (11), and its ability to develop atherosclerosis (12)
and a spectrum of alcoholic liver injury (13).

Methods
Materials. [4-'4C]Cholesterol (60 mCi/mmol), [1,2-3H]cholesterol (40.7
Ci/mmol), and [carboxyl-'4C]cholic acid (52 mCi/mmol) were purchased
from New England Nuclear (Boston, MA). The composition of the
liquid diets was as previously reported (13). They contain 18% of total
energy as protein, 21% as fat, 11% as carbohydrate, 50% either as
ethanol or as additional carbohydrate, and no cholesterol. The liquid
diet contains 1% fiber, which is equivalent to 5% in solid diets.

Animal procedures. 12 male and 16 female baboons (Papio ha-
madryas) of an estimated age of 3-5 yr were pair-fed the liquid diets
described above for 1-9 yr (mean = 27 mo). The daily consumption
of the liquid diets was 66±5 ml/kg of body weight, representing an
ethanol intake of 4.6±0.3 g/kg per day. The pair-fed controls gained
weight (100 g per month), whereas the body weight of the alcohol-fed
animals remained constant (12.0±0.4 kg initially vs. 11.3±0.5 at the
end of this study; NS) despite isocaloric feeding. For the duration of
the turnover and balance studies reported here, there were no detectable
changes in body weight. Alcohol-fed animals consumed their diets
evenly during the 24-h period; blood ethanol concentrations (14),
measured at the middle of the feeding period, were 38±5 mM. By
contrast, the controls ingested their rations during the few hours after
the servings. To achieve a similar degree of fasting, the diet of the
alcohol-fed baboons was removed 18 h before starting the procedures
indicated below, whereas in the controls, the removal of the diet was
preceded by administration of 10 ml of control diet per kilogram body
weight for 4 h. After the fasting period, no ethanol was detected in the
blood. The animals were then anesthetized with ketamine-HCI (10
mg/kg of body weight) and restrained, and venous and arterial blood
were collected from the femoral vessels. In four pairs, fasting cholesterol
levels were compared with those after intragastric administration of 10
ml of the corresponding diet per kilogram body weight.

The animals were subjected to either percutaneous needle or
surgical liver biopsies at intervals of -6 mo; thus, every animal had a
histologic assessment of the liver lesions within 2-3 mo of any
experiment. At the time of laparotomy, simultaneous blood samples
were obtained from the portal vein and from the femoral artery to
assess for net extraction or release of cholesterol in the splanchnic
(nonhepatic) vascular bed. The liver volume was estimated roentgen-
ologically (15).

Analysis of the liver samples. Specific gravity was assessed from the
displacement of saline by a weighed piece of liver. Liver lipids were
extracted (16) and fractionated by thin layer chromatography (17).
Triglycerides were eluted and measured by determination of the ester
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bonds (18). Liver free and total cholesterol were measured colorimet-
rically (19, 20).

Analysis of the serum samples. The cholesterol concentration in
the various lipoprotein fractions (isolated as described below) was
assessed with cholesterol oxidase, either by measuring the oxygen
consumption in a model 2 cholesterol analyzer (Beckman Instruments,
Inc., Palo Alto, CA) or by measuring H202 generation (21). The
methods were validated against each other at high concentrations, and
with the o-phthalaldehyde method (22) at low concentrations. Total
and free cholesterol were determined separately either in the presence
or in the absence of cholesteryl ester hydrolase, respectively, and the
esterified fraction was calculated from the difference. The coefficient
of variation was <5%. Fractionation of the serum into various lipopro-
tein classes resulted in -90% recovery of the cholesterol. Serum
triglyceride concentrations were measured enzymatically (23) using
triglyceride ultraviolet assay reagents (Beckman Instruments, Inc.).
Lecithin cholesterol acyltransferase (L-CAT) activity was measured
according to Stokke and Norum (24).

Blood was collected from the fasting baboons in tubes containing
I mgof EDTAtetrasodium salt, per milliliter of blood, 2 d before the
initiation of the turnover studies. The plasma was immediately separated
by centrifugation at 2,000 rpm at 4VC for 20 min. The HDL were
doubly labeled in free cholesterol and esterified cholesterol (25) in
order to assess the esterification of free cholesterol taking place in vivo
during the turnover studies. 7 ml of plasma was incubated at 370C for
4 h with 5-mm disks of filter paper that had been impregnated with
80 MCi of [3H]cholesterol. The filter papers were changed twice at 80
min intervals. This incubation promotes physical exchange of free
cholesterol and in vitro esterification by L-CAT activity present in the
plasma. A second 4-h incubation with disks impregnated with 10 MCi
of ['4C]cholesterol at 4VC (to inhibit L-CAT activity) labeled only free
cholesterol with 14C.

Lipoproteins were then fractionated by a single 45-min centrifugation
at 360,000 g at 10°C in a vertical rotor (VTi 65) in an ultracentrifuge
(L8-80; Beckman) (26). The density of 1.5 ml of plasma was adjusted
to 1.300 g/ml by addition of NaCl and KBr, the sample was transferred
into 5 ml of Beckman Quick-Seal tubes and overlayered with 1.006
saline solution containing 0.01% EDTA. The separation of very low
density lipoprotein (VLDL) (d < 1.006), intermediate density lipoprotein
(IDL) (d 1.006-1.019), low density lipoprotein (LDL) (d 1.019-1.063),
and HDL (d 1.063-1.210), was followed by staining of the plasma
with activated Fat Red 7B (27). The fractions were collected in a
Beckman Fraction Recovery System, pushing the contents from below
with a 1.346 density KBr solution. The HDL fractions were pooled,
dialyzed overnight against 0.9% NaCI and 0.01% EDTA(pH 7.4), and
passed through a 0.22 Mim sterile filter (Millipore Corp., Bedford, MA)
before injection in to the baboons. The labeled HDL migrated in
agarose gel electrophoresis (28) as a single band, identical to the native
HDL. On recentrifugation, 88.2% of the radioactivity was recovered
in the density range of HDL. 59% of the 3H-radioactivity was in free
cholesterol and 41% in esterified cholesterol, whereas 100% of the 14C-
radioactivity was in free cholesterol. No cholesterol was detected in
the d > 1.21 fraction.

HDL-cholesterol turnover. Five pairs of fasted baboons were injected
intravenously with the autologous labeled HDL. Venous blood samples
were collected in ice-cold EDTA-containing tubes at frequent intervals
(as indicated in Figs. 1-4) for 31 h. Plasma separation at 4°C and
lipoprotein fractionation at 10°C were carried out within 1-2 h. To
test for the extent of ex vivo transfer/exchange of free cholesterol
among lipoproteins, we mixed HDL labeled with [14C]free cholesterol
with autologous blood and kept the specimens at 4°C for 1 and 2 h
before starting the 45-min lipoprotein ultracentrifugation. Wefound
that 12% and 16% of the free cholesterol radioactivity was recovered
in fractions other than HDL, respectively. The short centrifugation
times used in this study greatly reduced ex vivo exchange of free
cholesterol among the lipoproteins and probably minimized the alter-
ations of HDL induced by classical ultracentrifugation (29). Lipids

were extracted from the lipoprotein fractions (16). Free and esterified
cholesterol were separated by thin-layer chromatography and stained
with iodine vapors. After scratching the bands, free and esterified
cholesterol bands were eluted and used for measuring the concentration
(22), and for liquid scintillation counting in 0.55% 2,5-diphenyloxazole-
0.22% 1,4-bis[245-phenyloxazolyl)]benzene-containing toluene.

Because the injected HDLwas labeled with 3H in both the esterified
and the free cholesterol, the fraction derived from in vivo esterification
of [3H]free cholesterol was subtracted from the total 3H-radioactivity
in HDLesterified cholesterol, in order to assess the clearance of the
injected HDL-esterified cholesterol. To this effect, we used the '4C-
label, which initially was present only in HDL-free cholesterol but
which appeared in the esterified fraction during the course of the
experiment. For each interval, the amount of free cholesterol being
esterified was calculated by dividing the '4C-radioactivity in HDL-
esterified cholesterol by the mean specific activity of ['4C]HDL-free
cholesterol during that interval. The latter multiplied by the mean
specific activity of [3H]free cholesterol, provides the fraction of 3H-
radioactivity due to in vivo esterification of HDL-free cholesterol.
Kinetic parameters were calculated from semilogarithmic plots of the
specific activities versus time, using a two-pool model (30) (see Appen-
dix). A similar approach has been applied to the analysis of the kinetics
of total body cholesterol (31, 32). However, in the latter studies, the
sampling was initiated 8 h or more after the administration of the
labeled cholesterol or its precursors (when the cholesterol specific
activity in lipoproteins and elsewhere had become similar) and lasted
for several weeks; under these conditions, plasma cholesterol is only a
small fraction of the rapidly exchangeable pool. By contrast, we focused
on the more rapidly exchangeable pools of both plasma free and
esterified cholesterol because their changes are likely to have a greater
impact in determining plasma cholesterol concentrations than the
slower turning over pools assessed in the long-term studies. This
approach was made possible by rapid lipoprotein fractionation, which
minimizes the ex vivo transfer/exchange of cholesterol (33). 31 h after
the injection of the labeled HDL-C, the specific activity had decreased
to <10% of the initial (2-min) values. In some of the pairs, the
HDL-C specific activity was measured at later times (7, 42, 120, 140,
or 180 d). These values decreased with time from 3-5% of the initial
specific activity to 0.08-0.09%, defining a third, much slower exponential
decay with a half-life of - 30 d, which is similar to that previously
reported for this slow component in the baboon (32). At these times,
no consistent differences were noted between the HDL-C specific
activities of alcohol-fed and control baboons.

Net splanchnic removal or production of cholesterol. In six pairs, a
polyurethane catheter (cobra type I, size 7F; USCI Cardiology &
Radiology Products, Billerica, MA) was introduced percutaneously
into the femoral vein and advanced into the hepatic vein under
fluoroscopy. Another cannula was introduced into the femoral artery
and placed in the aorta. Samples for the estimation of the hepatic
plasma flow were taken every 15 min for 5 h, and the flow was
calculated from the plasma volume measured with Evans blue dye
(34) and the continuous extraction of indocyanine green (Cardio-
Green; Hanson, Westcott & Dunning, Inc., Baltimore, MD) (35). After
1-2 h of recovery from anesthesia, several simultaneous blood samples
were collected from the aorta and the hepatic vein of the restrained
animals for cholesterol measurements over a 3-4-h period. Some
animals required additional small doses (1-2 mg/kg) of ketamine.
Blood flow and cholesterol extractions were similar at various times
after administration of the drug and these values were therefore
averaged. The product of the arterio-hepatic venous differences in
plasma cholesterol and the plasma flow was calculated to assess net
extraction from, or release into, the blood.

Steroid balance. The fecal excretion of steroids was measured by
the isotopic balance method (36), as applied to the baboon (11). This
technique measures fecal steroids of plasma origin. The feces were
collected for 6 consecutive days 6 wk or more after the injection of
the labeled autologous HDL, at a time when isotopic equilibrium
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between plasma cholesterol and biliary cholesterol and bile acids had
been achieved (11). Slanted stainless steel trays below the cages allowed
for drainage of the urine into a collecting beaker while retaining the
feces. Chromic oxide (150 mg) was given daily in the liquid diets for
5 d before and throughout the fecal collection period to correct for
steroid losses and variations in fecal flow (37). Previous studies in
baboons (Mott, G. E., personal communication) indicated no significant
intestinal degradation of neutral steroids, making it unnecessary to use
fl-sitosterol to control for this factor. The initiation and termination
of the fecal collection period were marked by adding 150 mg of
carmine red to the diet. Plasma cholesterol specific activity was
measured at the beginning and at the end of the fecal collection period.

The feces were homogenized in 1 vol of water. Neutral fecal
steroids were extracted in petroleum ether after mild saponification
(38). Bile acids were extracted after alkaline hydrolysis of the bile salt
conjugates (39). [4-'4C]Cholesterol and [carboxyl-'4C]cholic acid were
used to assess the degree of recovery. The extracts were dried under
nitrogen, partially decolorized overnight with 200 gl of hydrogen
peroxide, and counted in a chemiluminescence-inhibiting scintillation
solution (Dimiscint; National Diagnostics, Inc., Somerville, NJ), using
3H and 14C internal standards for quench correction.

The amount of fecal endogenous neutral steroids was calculated
by dividing the radioactivity of the extracts by the specific activity of
plasma cholesterol existing 2 d before the midpoint of the fecal
collection period. The transit time was the same in alcohol-fed and
control baboons as judged by the appearance of the carmine coloration
of the feces. In the case of acidic steroids, the plasma specific activity
4 d before the midpoint of the collection period was chosen to correct
for the transit time and for the effects of the entero-hepatic recirculation
of bile acids (11).

Statistics. Values are expressed by their means±the standard error
of the mean (SEM). Values obtained in the alcohol-fed animals were
compared with those obtained in their pair-fed controls and the mean
of the individual differences was tested by the Student's t test (paired
comparisons) (40). The paired t test was also applied to comparisons
between simultaneous samples in the same animal. In comparisons
between alcohol-fed animals with various degrees of liver injury (group
comparisons), the t test was applied to the difference of the group
means. Changes over time occurring in the same animal were tested
by one-way analysis of the variance. The regression lines were obtained
using the least-square technique applied to exponential trends. The
significance of the differences between regressions was assessed by

analysis of the co-variance applied to either the comparisons of slopes
or the elevations in the case of parallel lines (40).

Results

Effects of ethanol feeding on liver chemistry and morphology.
As previously reported (13), the alcohol-fed baboons developed
various stages of alcoholic liver disease. All alcohol-fed baboons
had some degree of fat accumulation, ballooning of the hepa-
tocytes, and ultrastructural alterations, but no signs of choles-
tasis. Except for one alcohol-fed baboon with mild hyperbili-
rubinemia (1.9 mg/dl) all others were anicteric (0.25±0.05
mg/dl vs. 0.23±0.06 mg/dl in controls). The animals could be
divided into four groups on the basis of the degree of associated
fibrosis, namely, (a) no fibrosis, (b) deposition of fibrous tissue
around the terminal hepatic venules (perivenular fibrosis), (c)
development of fibrous septa spreading from this area into the
lobules, and (d) complete distortion of the normal structure
by septa with the formation of nodules (cirrhosis).

In the ethanol-fed baboons there was enlargement of the
liver (30.6±1.6 g/kg body weight vs. 24.8±1.0 g/kg in the
controls; n = 14 pairs; P < 0.001). Also, there was a marked
increase in liver triacylglycerol concentrations (136±15 mg/g
of liver vs. 25±5 mg/g in the controls; n = 14 pairs,
P < 0.001). By contrast, there were no significant changes in
the concentration of cholesterol, either the free (1.18±0.13
mg/g vs. 1.19±0.17 mg/g in the controls; n = 14 pairs; NS) or
the esterified form (0.88±12 mg/g vs. 0.94±0.17 mg/g in the
controls; n = 14 pairs; NS). There was also no difference in
hepatic cholesterol content at various stages of alcoholic liver
injury.

Effect of ethanol feeding on plasma cholesterol. Significant
hypercholesterolemia was found only at early stages of alcoholic
liver injury (fatty liver with or without perivenular fibrosis).
Thus, all the following studies concerning the mechanism of
the hypercholesterolemia were carried out at these early stages
of liver injury. The concentratiqns of free and esterified
cholesterol in different lipoproteih fractions are presented in
Table I. In every fraction, free cholesterol was significantly

Table I. Effects of Chronic Ethanol Feeding on Fasting Plasma Triacylglycerols and Cholesterol in Baboons*

VLDL IDL LDL HDL

d < 1.006 d 1.006-1.019 d 1.019-1.063 d 1.063-1.210
Triacylglycerols

Ethanol-fed baboons 389±120 176±49 271±39 427±30
Pair-fed controls 63±10 109±14 130±19 240±40

P<0.01 P<0.01 P<0.01 P<0.01
FC

Ethanol-fed baboons 81±10 121±10 323±20 371±+35
Pair-fed controls 26±4 57±7 220±18 285±21

P < 0.001 P < 0.005 P < 0.005 P < 0.05
EC

Ethanol-fed baboons 111±15 221±31 851±70 1285±145
Pair-fed controls 41±10 82±13 685±72 915±70

P<0.001 P<0.01 NS P<0.025
EC/FC ratio

Ethanol-fed baboons 1.50±0.17 1.79±0.14 2.61±0.13 3.42±0.16
Pair-fed controls 1.48±0.25 1.43±0.11 3.46±0.44 3.19±0.11

NS NS P < 0.05 NS

* Mean±SE (jrmol/liter of plasma) for 14 baboons pair-fed 50% of energy either as ethanol or as additional carbohydrate. Statistical significance
was calculated using Student's t test for paired comparisons.
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higher in the ethanol-fed animals than in the pair-fed controls.
Esterified cholesterol was significantly increased in the VLDL,
IDL, and HDL fractions of the ethanol-fed baboons, with no
significant changes in LDL. This resulted in a significant
decrease of the esterified/free cholesterol ratio in LDL, whereas
this ratio tended to be increased (although not significantly) in
all other fractions. The greatest proportional increase in cho-
lesterol occurred in the d < 1.019 lipoproteins (VLDL and
IDL). In absolute terms, however, most of the increase occurred
as cholesteryl esters in HDL.

There was no difference in cholesterol concentration be-
tween arterial and femoral venous samples either in alcohol-
fed baboons or in the pair-fed controls. In four pairs, 10 ml
of the corresponding diet per kg body weight were administered
intragastrically to compare fasting and postprandial cholesterol
levels. A small and progressive reduction in plasma cholesterol
concentration was noted in the alcohol-fed animals with an
18% decrease (P < 0.01) 4 h after feeding. No significant
changes occurred in the controls. The decrease in the alcohol-
fed animals was associated with a postprandial rise in serum
triglycerides (from 970±296 to 1,403±387 grmol/liter after 4
h; P < 0.01) whereas no significant changes occurred in the
controls (548±38 vs. 498±69 ,umol/liter; NS).

HDL-free cholesterol (FC) turnover. The mean decay curves
of specific activities of HDL-FC in the alcohol-fed and control
groups are shown in Fig. 1, and the kinetic parameters derived
from the two-pool analysis of the individual curves are given
in the Appendix. The specific activity of HDL-FC decayed
very rapidly during the first 5 h and more slowly thereafter.
The specific activity of HDL-FC remained two- to fourfold
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higher than that of LDL-FC for the first 4 h after injection of
labeled HDL-FC. Thereafter, the specific activity of FC in
LDL was not significantly different from that in HDL.

Ethanol feeding produced no significant changes in the
half-lives of either the rapid or the slow phases of the decay of
free cholesterol specific activity or in the rate constants for
removal or transfer between the pools (Appendix). However,
the total amount of free cholesterol being turned over (total
or absolute catabolic rate) was significantly increased, mainly
as a reflection of the higher plasma cholesterol concentrations
and the larger pool size in the ethanol-fed baboons. In the
latter, the production rate of new free cholesterol incorporated
into HDL (excluding the recycled one) was more than twice
that of control baboons. The kinetics of the rapidly exchangeable
pool of HDL-FC most likely reflect both exchange/transfer of
free cholesterol between plasma HDL and other lipoproteins
and some cell membranes, and esterification to HDL-esterified
cholesterol (EC). The size of this pool represented 86% and
84% of the plasma HDL-FC in alcohol-fed and control baboons,
respectively.

Esterification of HDL-FC. During the course of the turnover
studies, there was the appearance of "'C, injected as free
cholesterol, into the esterified fraction of the HDL. The rate
of cholesterol esterification was significantly greater in the
alcohol-fed than in the control baboons (44.1±5.2 nmol of
cholesterol/milliliter of plasma per hour vs. 21.6±4.7 nmol/
ml per hour in controls; P < 0.01) (Fig. 2). Also, in vitro (24)
the amount of cholesterol being esterified was significantly
greater in the alcohol-fed animals (54.0±4.8 nmol/ml per hour
vs. 37.5±3.9 nmol/ml per hour in controls; n = 5 pairs;

Figure 1. Average decay curve of free
cholesterol specific activity in plasma
HDLof five pairs of baboons chroni-
cally pair-fed 50% of energy either as
ethanol or as additional carbohydrate.
To average the individual curves, the
specific activities were expressed as a
fraction of the values in the 2-min
plasma samples. The decay followed
two-pool kinetics. Experimental val-
ues were obtained at each of the indi-
cated circles. Values for the first expo-
nential are illustrated by triangles.
They were calculated by subtracting
from the experimental data the ex-
trapolated value of the second expo-
nential. There were no significant dif-
ferences in half-lives of either expo-
nential between alcohol-fed and
control baboons. Ethanol-fed ba-
boons: *, experimental values; A, cal-
culated values. Pair-fed controls: o,

25 30 experimental values; A, calculated val-
ues.
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Figure 2. Rate of esterification of ['4C~free cholesterol in HDL (nano-
moles per milliliters of plasma). Baboons pair-fed either ethanol or
isocaloric carbohydrate were injected with their own HDL labeled in
vitro with 14C in free cholesterol. The amount esterified was calcu-
lated from the '4C-incorporation in the esterified fraction and the
specific activity of [14C]free cholesterol. There was more rapid esterifi-
cation of HDL-FC in alcohol-fed baboons than in the controls
(P < 0.01). *, ethanol-fed baboons; o, pair-fed controls.

P < 0.02) (if we assume complete equilibration between the
labeled free cholesterol added with the free cholesterol present
in the plasma). However, the fractional conversion rate was
similar (6.03±0.53% vs. 6.37±0.67%, in controls; NS). These
in vitro findings were in keeping with the in vivo results.
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HDL-EC turnover. The decay curves of HDL-EC specific
activity are depicted in Fig. 3, and the kinetic parameters are
given in the Appendix. They were obtained after subtraction
of the in vivo esterification of free cholesterol. The correc-
tion for continuing esterification of cholesterol increased with
time: it represented 6.4% of the HDL-EC radioactivity in the
controls and 11% in the alcohol-fed animals during the first 2
h. Only during the last 5 h did it increase up to 35% and 59%,
respectively. This correction factor did not affect significantly
the differences in the kinetics of the rapidly exchangeable pool
between alcohol-fed and control animals.

The specific activity of HDL-EC decayed biexponentially
in both groups of animals. After 10 min 102.2±6.2% of the
esterified cholesterol injected was recovered in plasma lipopro-
teins, indicating the absence of rapid sequestration. Also, <1%
of the tritiated cholesterol injected was found in the liver of
seven baboons in which needle biopsy tissue specimens were
obtained 5-8 h after injection of labeled HDL. The biexpo-
nential clearance without evidence of rapid sequestration and
minimal hepatic uptake of HDL-EC suggest that the preparation
behaved as native HDL (41).

In ethanol-fed baboons, the slope of the rapid exponential
tended to decrease, whereas that of the slow phase increased.
The kinetics of the rapidly exchangeable pool of HDL-EC
most likely reflects transfer of esterified cholesterol from plasma
HDL to lipoproteins in the VLDL-LDL pathway. The size of
this pool was equivalent to 67.5% and 56% of the plasma
HDL-EC in alcohol-fed and control animals, respectively. The
rate constant of removal of HDL-EC decreased in ethanol-fed
baboons to approximately half of that of controls. However,

Figure 3. Average decay curve of esteri-
fied cholesterol specific activity in plasma
HDL as a fraction of the 2-min values in
five pairs of baboons fed either ethanol-
containing or control diets. Baboons were
injected with autologous HDLdoubly la-
beled in vitro with '4C in free cholesterol
and 3H in both free and esterified choles-
terol. The specific activity of HDL-EC
(circles) was obtained after subtraction of
the in vivo esterification of [3H]free cho-
lesterol (assessed by the appearance of
[14C]free cholesterol in the esterified frac-
tion). The rapid exponential (triangles)
was calculated by subtraction of the sec-
ond exponential from the experimental
values. There was a decreased slope of
the first exponential and an increase
slope of the second exponential in the
alcohol-fed animals. This was reflected in
a significant decrease in the rate constant
of removal of HDL-esterified cholesterol
(see Appendix). Ethanol-fed baboons: e,

--n experimental values;,&, calculated values.
25 30 Pair-fed controls: o, experimental values;

A, calculated values.
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the total catabolic rate was not significantly affected, because
of the larger pool of HDL-EC in alcohol-fed animals. Also,
there was no significant change in the production rate of HDL-
EC. The decreased rate constant of removal of HDL-EC was
associated with differences in the appearance of the radioactive
EC into LDL (Fig. 4): the maximal specific activity of LDL-
EC in the controls was reached in 3 hours and, after this time,
the values were similar to those in HDL. By contrast, in the
alcohol-fed animals, the maximal radioactivity of LDL-EC was
delayed (5 h vs. 3 h); it was also significantly lower than in
controls (27±1% of the initial HDL-EC specific activity vs.
44±8% in the controls; P < 0.05) and after reaching maximal
levels, it took >10 h for the LDL-EC values to become similar
to those in HDL.

Splanchnic removal or production of serum cholesterol.
Whereas no net extraction or release of cholesterol was detected
in control baboons during a single passage through the splanch-
nic vascular bed, significantly more extraction than release of
cholesterol was found in the alcohol-fed animals (Table II).
There were no differences in plasma volume, hepatic blood
flow, or hematocrit values between these two types of animals
(Table III). Significant extraction of esterified cholesterol was
found in IDL and LDL and of free cholesterol in HDLof the
alcohol-fed animals. There were no detectable changes in
cholesterol concentration between arterial and portal blood
during laparotomy in the three pairs of baboons in which this
was measured.

Fecal excretion of endogenous steroids. The fecal excretion
of endogenous neutral steroids doubled in the ethanol-fed
baboons (Table IV). The recovery of the inert fecal marker
(Cr2O3) was similar in alcohol-fed baboons (54±9%) and in
pair-fed controls (57±5%). The output of acidic steroids was

Pair-fed controls Ethanol-fed baboons
.0 HDL-EC HDL-EC

RF 0.5X
Fo-

10< P *I.C(-r 0.
-o

a- 0.2
o

1U. M 0.1 LDL-EC LDL-EC

0 2 4 6 80 2 4 6 8 10

HOURS

Figure 4. Relationships between the decay in HDL-EC and the
increase in LDL-EC specific activities. HDL-EC (labeled in vitro) was
injected in baboons fed either ethanol-containing or control diet.
Specific activities are expressed as a fraction of the 2-min value in
HDL-EC. In controls, the increasing LDL-EC specific activities
crossed over the decreasing HDL-EC specific activities, suggesting a
precursor-product relationship. In alcohol-fed animals, the increase in
LDL-EC specific activities was smaller and did not cross over HDL-
EC specific activities, indicating that a significant amount of unla-
beled esterified cholesterol enters LDL from a source other than
HDL.

increased by alcohol feeding in only four of the five pairs, and
the difference was not statistically significant. Thus, the alcohol-
fed animals excreted in the feces an excess of neutral and
acidic steroids equivalent to 1.7±0.4 umol of cholesterol per
kg body weight per hour, a value that was comparable with
the increase in the production rate of serum free cholesterol.

Discussion

The present study revealed that the elevations of the free and
esterified fractions of HDL-cholesterol after chronic alcohol
consumption result from two independent mechanisms with
opposite significance with regard to tissue cholesterol mobili-
zation. The major increase of HDL-cholesterol was found in
the esterified fraction. This was associated with decreased
turnover. By contrast, free cholesterol mobilization from pe-
ripheral tissues and its biliary excretion appeared to be en-
hanced.

Chronic administration of diets containing 50% of energy
as ethanol to baboons produces sustained hyperlipemia (42).
A similar hyperlipemia (although of a lesser magnitude) was
produced in human volunteers given only 20-30% of energy
as alcohol (43). Under these baboons' conditions, cholesterol
increases in several lipoprotein fractions. Previous studies in
rats (8, 44) and baboons (42) indicate that ethanol feeding
increases hepatic release in VLDL. These effects are associated
with elevation of free cholesterol in VLDL, IDL, and LDL
and esterified cholesterol in VLDL and IDL (Table I). The
major increase (in absolute terms) occurred in HDL and
included both free and esterified cholesterol. This alteration
was particularly prominent at early stages of alcoholic liver
injury (fatty liver with or without perivenular fibrosis), whereas
the hypercholesterolemia decreased or disappeared in ethanol-
fed baboons with septal fibrosis or cirrhosis. Therefore, the
present study on the mechanisms of the hypercholesterolemia
was limited to animals with early stages of alcoholic liver
injury.

Regarding cholesterol esters, its removal rate from HDL
was significantly decreased, after chronic alcohol feeding. This
was associated with a slower and smaller increment of the
cholesterol ester specific activity in LDL (Fig. 4). Moreover,
whereas in control baboons the latter crossed over the decreasing
specific activity of the esters in HDL (suggesting a precursor-
product relationship), in the alcohol-fed baboons, no such
crossover occurred, indicating that a significant fraction of
unlabeled esters had entered LDL from a source other than
direct transfer from HDL. This may reflect either a decreased
transfer of esterified cholesterol from HDL to VLDL and IDL
or an increase release of esterified cholesterol in nascent
VLDL, either of intestinal or hepatic origin. Wedid not find
net output of VLDL-EC in the hepatic venous blood (Table
II), but an intestinal source cannot be excluded without lymph
measurements. In fact, an increased intestinal or hepatic
release of esterified cholesterol in the VLDL-LDL pathway
may slow down esterified cholesterol transfer from HDL.
Whether ethanol consumption affects the esterified cholesterol
transfer/exchange protein or alters the properties of the donor
or the recipient lipoproteins in this transfer process remains
to be determined. In spite of the slower rate of transfer, a
normal flux of cholesterol esters through this pathway was
maintained because of the enlargement of the plasma HDL-
EC pool.

Alcohol Effects on Mobilization and Excretion of Cholesterol 981
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Table III. Effects of Chronic Ethanol Feeding
on Hemodynamic Parameters*

Ethanol-fed Pair-fed
baboons controls Pt

Body weight (kg) 10.9±0.5 12.3±2.0 <0.05
Plasma volume

(ml/kg) 47.4±7.3 45.2±5.2 NS
Arterial hematocrit

(%) 39.5±1.2 42.1±0.7 NS
Hepatic venous

hematocrit (%) 37.9±1.9 41.1±0.6 NS
Hepatic blood flow

(ml/kg/min) 31.9±6.6 29.1±6.3 NS

* Mean±SE of values in 10 baboons pair-fed 50% of energy either as ethanol or
as additional carbohydrate.
t Paired comparisons.

At these early stages of alcoholic liver damage, alcohol
feeding was associated with an apparent increase in L-CAT
activity both in vitro and in vivo. In vitro, this increase was
accounted for by the increased pool of plasma HDL-FC in
alcohol-fed baboons; as a consequence, the fractional conversion
rate was similar to that of controls. In vivo, the increased rate
of esterification was also proportional to the HDL-FC produc-
tion rate, namely to the input of free cholesterol becoming
available for esterification, suggesting that the transferase activity
per se is not affected. It has been hypothesized that the transfer
of esterified cholesterol is structurally and functionally coupled
with L-CAT activity in a common lipoprotein complex (45).
Therefore, one would expect the decreased transfer to be
associated with decreased esterification, but this was not the
case. In fact, the maintenance of a high esterification rate in
the face of a decreased transfer rate appears to be one of the
major reasons for the increased HDL-esterified cholesterol
levels in the alcohol-fed animals.

Contrasting with its effect on esterified cholesterol, alcohol
consumption increased the total amount of cholesterol being
turned over as HDL-FC. Part of this increase can be accounted
for by increased esterification. But HDL-FC exchange/transfer
might also provide a pathway for increased mobilization of
tissue cholesterol for excretion into the bile.

HDL-cholesterol could derive from tissue cholesterol (3-
6) or from cholesterol of other lipoproteins originating in the
liver or the intestine. Since the splanchnic territory both

Table IV. Effects of Chronic Ethanol Administration
on Fecal Excretion of Endogenous Steroids*

Neutral steroids Acidic steroids Total steroids

pmol/kg body umol/kg body gmol/kg body
wild wt/d wt/d

Ethanol-fed
baboons 46.0±10.7 61.8±12.7 107.7±13.5

Pair-fed
controls 19.7±5.7 46.1±4.5 65.9±7.3

Pi: <0.05 NS <0.01

* Mean±SEMof 10 baboons pair-fed cholesterol-free diets containing

releases and removes plasma cholesterol, we determined the
net balance between these two processes by measuring hepatic
plasma flow and the cholesterol concentrations in arterial and
hepatic venous plasma. Whereas no net changes were found
in controls, in the alcohol-fed animals, there was net splanchnic
extraction of cholesterol. This was mainly due to rapid extrac-
tion of cholesterol by the liver since there were no arterio-
portal venous differences in cholesterol concentrations. Thus,
more cholesterol was available for excretion in the bile. The
source of cholesterol extracted by the liver cannot be established
with certainty. The predominance of hepatic extraction over
release suggests that the hypercholesterolemia must originate
extrahepatically. A likely source is mobilization of tissue
cholesterol. An alternate source could be cholesterol entering
the circulation through the thoracic duct.

The plasma cholesterol removed by the splanchnic territory
of the alcohol-fed animals could be excreted in the bile and
lost in the feces, or it could recirculate in other lipoproteins
or could accumulate in the liver. Our results show a significant
increase in the fecal excretion of steroids of endogenous (rather
than dietary) origin. Moreover, the isotopic balance method
used in this study does not include the cholesterol newly
synthesized in the liver that is excreted in the bile without
previous circulation in plasma lipoproteins. Under our condi-
tions, the greatest increase in the feces occurred in the form
of neutral steroids. Acidic steroids also showed a trend toward
an increase of a lesser magnitude. These findings are in keeping
with studies in other species. Nestel et al. (46) found that
ethanol intake increased fecal excretion of acidic steroids in
three hyperlipemic alcoholics and in some normolipemic sub-
jects given a small alcohol dose for 8 d. Chronic administration
of ethanol (20-30% of calories) produced no significant changes
in fecal steroid excretion (43). Two recent reports, one in rats
given 36% of energy as ethanol in cholesterol-free diet (47)
and the other in pigs fed diets containing both cholesterol and
ethanol (25% of energy) (48) also showed increased fecal
excretion of steroids. Whereas in rats the major excretion was

as neutral steroids, in pigs, the increase was as acidic steroids.
Thus, ethanol consumption promotes loss of cholesterol in the
feces; differences in species or in diet may account for the type
of steroid that predominates.

Kinetic studies using cholesterol-labeled lipoproteins (25)
indicate that the major precursor of biliary cholesterol and
bile acids is HDL-FC. In the alcohol-fed baboons, there was
net splanchnic extraction of free cholesterol from HDL. The
increased fecal excretion after alcohol can be accounted for by
the difference in the production rate of new (nonrecycled)
HDL-FC between alcohol-fed and control baboons. Most of
the remaining cholesterol removed in the splanchnic territory
must recirculate through the blood or the lymphatic pathway,
since we found only minimal cholesterol accumulation in the
liver, contrary to our previous observations in the rat (49).
Preliminary results in volunteers given alcohol are consistent
with the observations in the baboon rather than in the rat

(unpublished observation). In addition to the extraction of
HDL-FC, there was also net splanchnic extraction of esterified
cholesterol from IDL and LDL in the alcohol-fed animals.
The source of this cholesterol is unknown. Net splanchnic
extraction of LDL-EC has also been found in patients under-
going diagnostic cardiac catheterization for valvular or ischemic
heart disease (50). The splanchnic extraction of LDL-EC,
found in human patients (50), was also seen in the alcohol-
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fed animals, but it was not apparent in our control baboons.
In the alcohol-fed baboons the splanchnic extraction is consid-
erably greater than the fecal excretion of steroids, suggesting a
large recirculation. Our findings indicate that the transfer of
esterified cholesterol from HDL to the VLDL-LDL pathway
is not increased. The increased output of VLDL-cholesterol
into the hepatic vein is insufficient to account for the increased
cholesterol extraction from catabolic products of VLDL, but
the lymphatic contribution to blood cholesterol was not mea-
sured. The thoracic lymph output of endogenous cholesterol
in primates (51) is four- to fivefold greater than the fecal
excretion of steroids (1 1); an increase in the lymphatic circu-
lation by alcohol could account for the dissociation between
splanchnic extraction and fecal excretion of steroids. The
lymph includes cholesterol of intestinal origin. It has also been
postulated that because of their large size, the VLDL particles
produced by the alcohol-fed baboons (40) may be impeded in
their passage into the sinusoids through the fenestrations of
the hepatic endothelial cells, which are decreased in number
(52). As a consequence, the VLDL particles may be transported
from the Disse's space into the hepatic lymphatics rather than
into the hepatic vein.

The decreased transfer of esterified cholesterol from HDL
to LDL and the enhanced hepatic uptake of esterified cholesterol
from IDL and LDL tend to deplete LDL-EC. LDL is one of
the main sources of tissue cholesterol and the factor most
incriminated in the genesis of atherosclerosis. However, the
total amount of LDL-EC was not decreased. Thus, the avail-
ability of plasma LDL-EC for the cell probably remained
unaffected. By contrast, the ethanol-induced alterations of free
cholesterol metabolism could facilitate cholesterol efflux from
cells to plasma HDL, followed by excretion in the bile. The
increase ip daily excretion of cholesterol (-50 umol/kg of
body weight), over prolonged periods of time, could counteract
cholesterol accumulation in tissues, to the extent that it is not
compensated by a concomitant increase in synthesis. Thus,
the effects of ethanol on free cholesterol may contribute to the
reported prevention of atherosclerosis after alcohol consump-
tion.

Appendix

Kinetics of HDL-cholesterol turnover. Kinetic parameters were calculated
from semilogarithmic plots of the specific activities of HDL-['4C]free
cholesterol and -[3H]esterified cholesterol versus time. Since each curve
could be resolved into two exponential functions, the kinetics were
analyzed as a two-pool model (30). This model postulates two pools
(A and B) exchanging freely, with input occurring predominantly into
pool A. The analysis provides the half lives (ti/2) and the slopes (a and
fl) of the two exponentials and permits estimation of the size of pool
A and the rates of production, transfer, and removal of cholesterol.
The size of the pool A (MA) was calculated by dividing the radioactivity
injected (RA) by the sum of the intercepts of the rapid (CA) and slow
(CB) exponentials of the specific activity decay curves with the ordinate.
The size of pool B cannot be calculated. The removal rates constants
(-kAA and -kBB) reflect irreversible losses as well as transfer between
pools A and B. The total amount of plasma cholesterol being turned
over, namely the total catabolic rate (TCR), was considered to be the
product 'of -kAA by the size of pool A. The rate constants kBA (transfer
rate from pool B to pool A), kA (irreversible removal rate from pool
A) and kAB (transfer rate from pool A to pool B) can be calculated if
the irreversible removal rate from pool B (ks) is assumed to be equal
to zero during the time of the study. The production rate (PRA),

Table V. Kinetic Parameters* of HDL-Cholesterol Turnovert

Ethanol-fed Pair-fed
baboons controls P§

HDL-free
cholesterol

RA (dpm X 10(73/
kg body wt) 43.2±7.9 19.4±6.9 NS

CA (dpm/l.mol) 2886±1105 2190±726 NS
CB (dpm/jsmol) 524±219 479±243 NS
MA(jumol/kg

body wt) 16.6±4.3 9.6±4.0 NS
tA½ (h) 0.32±0.05 0.41±0.08 NS
tB45 (h) 24.2±5.3 21.9±3.2 NS
a (h-') 2.4±0.5 2.0±0.4 NS
f (h-') 0.034±0.007 0.036±0.008 NS
kA, (h-') 2.0±0.3 1.7±0.4 NS
TCR (iumol/kg/h) 34.77±11.72 13.82±4.13 <0.05
PRA (,smol/kg/h) 3.0±1.0 1.4±0.8 <0.05
kBB (h-') 0.45±0.11 0.33±0.06 NS
kA (h-') 0.19±0.03 0.20±0.03 NS
kAB (h-') 1.82±0.33 1.49±0.38 NS

HDL-esterified
cholesterol

RA (dpm X 10i3/
kg body wt) 783±149 487±100 NS

CA (dpm/,umol) 6031±2223 8116±2016 NS
CB (dpm/lmol) 15526±1928 12525±4218 NS
MA(Jsmol/kg

body wt) 32.6±10.3 20.4±6.5 NS
tA½h (h) 1.56±0.45 0.90±0.16 NS
tB3 (h) 6.90±1.2 13.60±1.60 0.01
a (h-') 0.54±0.08 0.85±0.12 NS
i (h-') 0.10±0.01 0.05±0.01 <0.02
kAA (h-') 0.22±0.04 0.40±0.06 <0.05
TCR (ymo1/kg/h) 6.9±1.4 6.9±1.9 NS
PRA (pmol/kg/h) 3.9±1.4 3.5±1.2 NS
kBB (h-') 0.42±0.07 0.53±0.13 NS

TCR, total catabolic rate.
* Defined in Appendix.
f Mean±SE of values in 10 baboons pair-fed 50% of energy either as ethanol or
as additional carbohydrate.
§ Paired comparisons.

indicating the entry of new cholesterol into the pool A (excluding
reentry from other pools), as well as the other rates, were calculated
according to Gurpide et al. (30).

The kinetic parameters derived from the two-pool analysis of the
individual curves are given in Table V. The dose injected (RA) to the
alcohol-fed baboons tended to be higher than that of controls, because
of the increase in serum-free cholesterol (available for in vitro exchange)
and the enhanced rate of esterification.

The kinetics is consistent with a model in which HDL-free cholesterol
enters a more rapidly exchangeable pool A in equilibrium with a
slower turning over pool B. By contrast, HDL-EC appears to enter a
large and slowly turning over pool A in equilibrium with a probably
smaller and more rapidly turning over pool B. The transfer rates of
HDL-EC between pools A and B were not calculated because the
assumption that there is no irreversible loss from pool B is not tenable.
As in the case of other kinetic studies, the identity of the processes
contributing to each pool remains speculative.
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